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ABSTRACT

Expressions are derived for the recovery factor and heat transfer
and the normal and tangential force characteristics of an infinite eircu-
lar cylinder at arbitrary angle of attack in free molecule flow., The
results are expressed in closed form for a cylinder at arbitrary unifom
temperature in terms of three gross molecular surface interaction cosf-
ficients, the nommal and tengential momentum transfer coefficients and

the thermzl accommodation coefficient.



Free Molecule Flow Forces and Heat Transfer for an Infinite

Circular Cylinder at an Angle of Attack

The calculations of Stalder, et al. (Refs. 1 and 2) for the force
and heat transfer charccteristics of an infinite cylinder transverse to a
free molecule flow can be extended to include the case of arbitrary angle
of attack at zero yaw,

I Heat Transfer to a Surface Element

Assuming tha® the undisturbed flow is in Maxwellian equilibrium, the

distribution funcition for the incident molecules is given by

f::—ﬁ(‘?ﬂRT)_%:ng (U Upin8) sk (r Ucos@) s wr® (1)
m {

XRT

whers u, v, w are molecular velocities in the x, y, z directions of Fig. 1,
U is the gas velocity, P the gas density (p =p RT), m the mass of a molo-
cule, and ¢ +the local angle of attack of the surface element. The flux
of energy incident on the surface element dA is comprised of translational

molecular energy, dE

and internal energy, dE, The first is

i,trans, l.int.

given by
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where s = U/\[ Z2RT is the molecular speed ratio and erf(x) is the ervor

function 2/ Jﬂe At . The number of molecules striking dA per
unit time is

Wy = dA/dedv/ w f dhe

(snwé)
= f;‘/g e [ (sain8)[ 1+ 0 (5 win) | A (3)

According to the principle of equipartition of energy, each molecule
carries, on the average, ng unite of internal energy per unit mass, where

j is the equivalent number of fully excited internal degrees of freedom

s5-3
of the molecule., In terms of the specific heat ratio ¥ , J = A

T/

Then the flux of internal enevgy to dA is
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We now define a thermal accommodation coefficient o for the surface inter-

action

AE, ~ A&

- i v e st A St

-~ dE, 2

+ dEi st § 4B, is the total energy flux of the mole-

cules re-emitted from the surface;

vhere dE; = dEl trans

and dEw the energy flux which would be



re-emitted if all molecules left in Maxwellian equiiibrium at the surface

temperature T . It is easily shown that

AE, = (4+4)mRTw 4p, = (4+5)mRTw 4N,
2

p (6)
The total convective heat transfer to the surface dA is
do= dE; -dE. = (dft,fmns + dfé ,;,.,g)oc - o df, (7)
Then, in terms of the appropriate integrals
lo s -, B Lt
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IT Stresses on a Surface Element

The stress calculations require the introduction of two additional

gurface interaction parameters

Tt =T
7 = o
7 (9)
f’- Lo- 'b,\r
T = }; e (20)
Tt 7

where 7, and Z, are the incident and re--emitted tangential momentum

flures, and P;s Py P, are respectively the normal fluxes of mamentum
incident, re~emitted, and that which would be rec-emitted if all molecules

left in Maxwellian equilibrium with the surface., We have then,
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(The minus sign indicates that 7, acts in the direction of negative y

in Fig. 1)

The net normal and shear stresses on dA are

p=perpr = (@~ )p » Tpy

(13)
T= 17 ~Tr = g T: (1k)
and, with
pu = 4 m iR Ot (15)
(see Refs. 3, }.;)J'bhe final expressions are
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The expressions, Eaqs. 8 and 17, are identical with thoge obtained in

Refs.1l, 2, except that they are presented in the more convenient formm first
uzed by Schaaf and Chambré (Ref. 3). Bq. 16 differs from the equivalent

result of Ref. 1 in that the additional surface interaction parameter

O‘$
{Ref. }i) is included.
11 Integration of the Stress and Heat Flux FEquations Over the Cylinder

The coordinate system on the cylinder and the appropriate angles are
shown in Fige. 2. The angle of attack is /3 . Tt is assumed that the para~
meters T , T ', and & , and the surface temperature Tw are constant over

the entire cylindrical surface.

For the heat transfer per unit length of cylinder, with d the cylinder
diameter, we have

T4
R - 2,7 = Dol Tw)/ g (Eamd)
s{f:dﬁ‘f‘@ ;/gz{(s 7= 2(y-) T)(e
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in which £ » ssin/e . The results of the integrations may be convenient-

ly expregsed in temms of a Stanton number 5t and recovery factor r defined

by

Q
St =
7,"d/o VG (Tow - Tn) (19)
Taw = T
ree m - T (20)

where CP is the constant pressure specific heat of the was, T is the
aw

adiabatic cylinder temperature (@ =0), and T the adiabatic starnation

o

temperature of the gas. We find that
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where I, /52) and g’-)

arc modified Bessel functions of the
first kind.

The foree calculations are most conveniently expressed in terms ¢
the normal and tangential coefficlents

= N .
Cr = T

where N and T are the forces per unit length of ¢ylinder normal to and

parallel to the cylinder axis. We have
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and
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These integrals, when evaluated, give
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The final results, Eqs. 21, 22, 27, 28, agree with those obtained in
refs. 1 and 2 for p = 90° s and for /E = J, for the two particular cases
of molecule-surface interaction that the authors have considered, namely,

perfectly diffuse reflection ((7"- o= o= .‘1) and perfectly specular

reflection (U‘= /= o = O) .
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GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE

SAID DRAWINGS, SPECIFICATIONS, OR O'I‘HER DATA IS NOT TO BE REGARDED BY
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER

PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE,

USE OR SELL ANY PATEI‘?PLD INVENTICN THAT MAY IN ANY WAY BE RELATED THERETO.
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